ABSTRACT: Cadmium (Cd 2+ ) is a toxic heavy metal and a well-known human carcinogen. The toxic effects of Cd 2+ on biological systems are diverse and thought to be exerted through a complex array of mechanisms. Despite the large number of studies aimed to elucidate the toxic mechanisms of action of Cd 2+ , few have been targeted toward investigating the ability of Cd 2+ to disrupt multiple cellular pathways simultaneously and the overall cellular responses toward Cd 2+ exposure. In this study, we employed a quantitative proteomic method, relying on stable isotope labeling by amino acids in cell culture (SILAC) and LC−MS/MS, to assess the Cd 2+ -induced simultaneous alterations of multiple cellular pathways in cultured human skin fibroblast cells. By using this approach, we were able to quantify 2931 proteins, and 400 of them displayed significantly changed expression following Cd 2+ exposure. Our results unveiled that Cd 2+ treatment led to the marked upregulation of several antioxidant enzymes (e.g., metallothionein-1G, superoxide dismutase, pyridoxal kinase, etc.), enzymes associated with glutathione biosynthesis and homeostasis (e.g., glutathione S-transferases, glutathione synthetase, glutathione peroxidase, etc.), and proteins involved in cellular energy metabolism (e.g., glycolysis, pentose phosphate pathway, and the citric acid cycle). Additionally, we found that Cd 2+ treatment resulted in the elevated expression of two isoforms of dimethylarginine dimethylaminohydrolase (DDAH I and II), enzymes known to play a key role in regulating nitric oxide biosynthesis. Consistent with these findings, we observed elevated formation of nitric oxide in human skin (GM00637) and lung (IMR-90) fibroblast cells following Cd 2+ exposure. The upregulation of DDAH I and II suggests a role of nitric oxide synthesis in Cd 2+
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■ INTRODUCTION
Owing to its extensive use in industrial processes, cadmium is a toxic heavy metal that is widely distributed throughout the environment.
1,2 Cd 2+ is one of the leading toxic agents detected in the environment according to the Agency for Toxic Substances and Disease Registry. 3 Being an element, Cd 2+ , once it becomes deposited into ecosystems, remains there indefinitely because it cannot be broken down further into less toxic substances. Environmental Cd 2+ can enter biological systems through ingestion, inhalation, and dermal contact. 1, 2 Cd 2+ is a well-known human carcinogen, and human exposure to Cd 2+ can lead to the development of a variety of malignancies, including leukemia and cancers of the lung and prostate. 1, 2 Knowledge of the specific biological pathways perturbed by nontoxic concentrations of Cd 2+ may give rise to improved risk assessment and the development of preventive and therapeutic strategies for Cd 2+ exposure. Most of our current understanding about the mechanisms of Cd 2+ carcinogenesis and toxicity is derived from experiments conducted with the use of a wide variety of in vitro cell culture and in vivo animal models. 2, 4 These studies revealed various modes of action for Cd 2+ toxicity. These include modulation of gene expression and signal transduction, generation of reactive oxygen species (ROS), interference with cellular antioxidant defense enzymes, inhibition of DNA repair, disruption of Ecadherin-mediated cell−cell adhesion, and interference with the functions of essential metals. 1, 2, 5 Nevertheless, the potential interactions and relative contributions of these various mechanisms to overall Cd 2+ toxicity are not well-established. We reason that a more complete understanding about the overall mechanism of Cd 2+ toxicity requires the assessment about how cells respond to Cd 2+ exposure as a whole. In many cases, organisms attempt to adapt to environmental toxicants by modulating the expression of specific genes and proteins. Therefore, identifying those proteins that are up or downregulated upon exposure to a specific toxic agent may provide insights into the mechanisms of action for the toxicant. Mass spectrometry-based quantitative proteomics has emerged as a powerful tool for environmental toxicology studies because this technique can be used to assess the relative changes in expression for thousands of proteins in a single experiment. 6 Several studies have been carried out to exploit the Cd 2+ -induced alteration of the global proteome in the leaf and root of plants 7−9 as well as various tissues of fish and other aquatic species. 10−13 The results from these studies support that many proteins involved in antioxidant defense response, glutathione metabolism, and cellular energy production were upregulated in response to Cd 2+ exposure. 10−13 A few studies have also been conducted to examine the Cd 2+ -induced perturbation of proteins in mammalian cells; 14, 15 however, very modest numbers of proteins were quantified in these studies, which hampers a systematic interrogation of the cellular pathways altered by exposure to the toxic metal ion.
In this study, we employed a quantitative proteomic technique, which is based on stable isotope labeling by amino acids in cell culture (SILAC) and LC−MS/MS, to assess the perturbation of protein expression in GM00637 human skin fibroblast cells following Cd 2+ exposure. Our proteomic analysis allowed for the identification and quantification of ∼3000 proteins in GM00637 human skin fibroblast cells. Among them, ∼1900 were quantified in all three independent SILAC-labeling experiments, and 400 demonstrated significantly altered expression upon Cd 2+ exposure. In agreement with previous findings, our proteomic analysis demonstrated the significant upregulation of proteins involved in antioxidant defense, glutathione biosynthesis and homeostasis, cellular energy metabolism, and adherens junctions. Furthermore, we found that Cd 2+ treatment induced the upregulation of two isoforms of dimethylarginine dimethylaminohydrolase (DDAH I and II), which stimulated NO biosynthesis in human lung and skin fibroblast cells.
■ MATERIALS AND METHODS

Materials
Heavy lysine and arginine ([ 13 Cell Culture GM00637 human skin fibroblast cells (kindly provided by Prof. Gerd P. Pfeifer, City of Hope, Duarte, CA) and IMR-90 human lung fibroblast cells (ATCC, Manassas, VA) were cultured in Iscove's modified Dulbecco's medium (IMDM) and Eagle's minimum essential medium (EMEM), respectively. The culture media were supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) and penicillin/streptomycin (100 IU/mL). Cells were maintained in a humidified atmosphere with 5% CO 2 at 37°C, and the culture medium was changed in every 2 to 3 days as necessary.
The complete light-and heavy-IMDM media for SILAC experiments were prepared by the addition of light or heavy lysine and arginine along with 10% dialyzed FBS to the lysineand arginine-depleted IMDM medium that was customprepared following ATCC formulation. The GM00637 cells were cultured in the heavy-IMDM medium for at least 10 days or 5 cell doublings to achieve complete heavy-isotope incorporation. GM00637 cells were cultured to a density of approximately 7.5 × 10 5 cells/mL. The cells were washed twice with ice-cold phosphate-buffered saline (PBS) to remove the residual FBS, and the media was replaced with FBS-free heavy or light media containing 3 μM Cd 2+ or vehicle control (Millipore H 2 O). To ensure that the observed changes in protein-expression ratio are not due to incomplete heavyisotope incorporation, we performed both forward and reverse SILAC-labeling experiments. In forward SILAC experiments, the cells cultured in light medium were treated with 3 μM Cd 2+ for 24 h, whereas the cells cultured in heavy medium were untreated and used as control ( Figure 1A ). In reverse SILAC experiments, cells cultured in the heavy medium were treated with Cd
2+
, and light cells were used as the untreated control. After 24 h, the light and heavy cells were collected by centrifugation at 3000g at 4°C and washed three times with ice-cold PBS. The cell pellets were resuspended in the CelLytic M cell lysis buffer containing a protease inhibitor cocktail (Sigma-Aldrich) and placed on ice for 30 min with vortexing at 10 min intervals. Cell lysates were centrifuged at 12 000g at 4°C for 30 min, and the resulting supernatants were collected. The protein concentrations of the cell lysates were determined by using Quick Start Bradford protein assay kit (Bio-Rad, Hercules, CA). In forward and reverse SILAC experiments, the light and heavy lysates of Cd 2+ -treated cells were mixed with the heavy and light lysates from untreated cells, respectively, at a 1:1 ratio (by mass), reduced with dithiothreitol, alkylated with iodoacetamide, and digested with trypsin at an enzyme/protein ratio of 1:100.
LC−MS/MS for Protein Identification and Quantification
Peptide samples were automatically injected and separated by online liquid chromatography on an EASY-nLC II and analyzed on an LTQ Orbitrap Velos mass spectrometer equipped with a nanoelectrospray ionization source (Thermo, San Jose, CA), as described previously. 16 A homemade trapping column (150 μm × 50 mm) and a separation column (75 μm × 120 mm), packed with ReproSil-Pur C18-AQ resin (3 μm in particle size, Dr. Maisch HPLC GmbH, Germany), were employed for the separation of peptide mixtures. Peptide samples were initially loaded onto the trapping column with a solvent mixture of 0.1% formic acid in CH 3 CN/H 2 O (2:98, v/v) at a flow rate of 4.0 μL/min. The peptides were then separated using a 120 min linear gradient of 2−40% acetonitrile in 0.1% formic acid, and the flow rate was 300 nL/min. The LTQ-Orbitrap Velos mass spectrometer was operated in the positive-ion mode, and the spray voltage was 1.8 kV. The data were acquired in datadependent scan mode where one full-scan MS was followed with 20 MS/MS scans. The full-scan mass spectra (m/z 350− 2000) were recorded with a resolution of 60 000 at m/z 400 after accumulation to a target value of 5 × 10 5 . The 20 most abundant ions found in MS at a threshold above 500 counts were selected for fragmentation by higher-energy collisioninduced dissociation (HCD) or collisionally induced dissociation (CID) at a normalized collision energy of 35% ( Figure  1B ).
Data Processing
Database search was conducted in MaxQuant (version B.01.03) against the human International Protein Index version 3.68 (87 083 entries) to which contaminants and reverse sequences were added. 17 The search was performed with mass tolerances of 25 ppm for precursor ions and 0.6 Da for fragment ions. We included cysteine carbamidomethylation and methionine oxidation as fixed and variable modifications, respectively. SILAC-quantification setting was adjusted to doublets, with lysine (+8 Da) and arginine (+6 Da) being selected as heavy labels. Only proteins with at least two peptides being identified by MS/MS were considered reliably identified. The minimal peptide length was six amino acids, and the maximum number of miss-cleavage events for trypsin was set at two per peptide. For peptide and protein identification, the false discovery rates were set at 1% at both the peptide and protein levels. 17 The quantification was based on three independent SILAC and LC−MS/MS experiments, which included two forward and one reverse SILAC labelings, and the significantly changed proteins discussed later could be quantified in all three sets of SILAC experiments ( Figure 1C ).
Biological Pathways and Protein Interaction Network Analysis
Proteins with significant changes (>1.5-or <0.67-fold) in expression following Cd 2+ treatment were further analyzed using DAVID, 18 which revealed the Cd 2+ -induced perturbation of multiple cellular pathways in GM00637 cells (Table S3) . Pathways with p values less than 0.05 were considered significant. To assess the interactions among the cellular pathways identified from the DAVID analysis, the proteins identified for each pathway were subjected to protein interaction network analysis using the STRING tool (version 9.05, http://string.embl.de/), which predicts protein−protein associations based on literature data and databases of archived biological pathway knowledge. 19 
Nitric Oxide Measurement
Nitric oxide production was assessed by measuring the total nitrate/nitrite concentrations in cell lysates and cell culture media following Cd 2+ treatment with the use of a colorimetric assay kit (BioVision Inc., Milpitas, CA). The standard assay protocol included with the kit was followed with minor modifications. Briefly, cells were treated with 3 μM Cd 2+ or vehicle control for 0, 6, 12, or 24 h. At each time point, the cell culture medium was collected for nitrate/nitrite measurements, and the cells were subsequently washed with ice-cold PBS and harvested by centrifugation at 4000g for 10 min. The cell pellet was subsequently homogenized in the assay sample buffer included with the kit. Cell culture media and cell pellet samples were further diluted, as necessary, and nitrate reductase mixture and enzyme cofactor (included with the kit) were added to each sample well and allowed to incubate at room temperature for 1 h to convert nitrate to nitrite. Following the incubation, Griess Reagent was added to each well, and color development took place at room temperature for 10 min. Absorbance was read at 540 nm using a microtiter plate reader (Wallac 1420 VICTOR2, PerkinElmer Inc., Waltham, MA).
Western Blot GM00637 and IMR-90 cells were cultured in T25 cell culture flasks until ∼80% confluence was reached, as described above. The cells were washed twice with ice-cold PBS to remove the residual FBS, and the media was replaced with FBS-free culture media containing 3 μM Cd 2+ . The protein concentrations of the cell lysates were determined by using Quick Start Bradford protein assay kit (Bio-Rad, Hercules, CA), and 30 μg of -treated groups were normalized to that of actin.
RNA Extraction and Quantitative Real-Time PCR Analysis
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA) and reverse transcribed by employing M-MLV reverse transcriptase (Promega, Madison, WI) and a poly(dT) primer. Quantitative real-time PCR was performed with iQ SYBR green supermix kit (Bio-Rad, Hercules, CA) on a BioRad MyiQ thermal cycler, and gene-specific primers are listed in Supporting Information Table S5 . The comparative cycle threshold method was utilized for the relative quantification of gene-expression level, and GAPDH gene was used as the internal control. The mRNA level of each gene was normalized to that of the internal control.
■ RESULTS AND DISCUSSION Protein Identification and Quantification
To exploit the comprehensive mechanisms of Cd 2+ toxicity, we assessed the Cd 2+ -induced perturbation of protein expression in GM00637 human skin fibroblast cells by employing a quantitative proteomic strategy relying on SILAC-based metabolic labeling and LC−MS/MS analysis. The skin fibroblast cells were chosen because dermal contact constitutes a major route of human exposure to cadmium. 1, 2 Toward this end, we treated the GM00637 cells with 3 μM Cd 2+ for 24 h, which was found to induce a less than 5% cell death, as determined by trypan blue-exclusion assay ( Figure S1 ). It is of note that we employed serum-free media for all Cd
2+
-treatment experiments to prevent the potential interactions between Cd 2+ and proteins in the FBS. To ensure that the observed changes in protein expression arose from Cd 2+ treatment, we conducted the SILAC experiments in three biological replicates, including both forward and reverse SILAC labeling ( Figure 1 and Materials and Methods). Figure 2A ,B displays the ESI−MS results of the tryptic peptide EALPAPSDDATALMTDPK from glutathione peroxidase 1, which supports unequivocally the Cd 2+ -induced upregulation of this protein in both forward and reverse SILAC experiments. The MS/MS results also supported the sequence for the light-and heavy-labeled peptide ( Figure  2C,D) .
The LC−MS/MS results for the three sets of SILAC samples led to the identification and quantification of 3257 and 2931 proteins, respectively. A total of 1901 proteins could be quantified in both forward and reverse SILAC-labeling experiments ( Figure 1C ; the detailed quantification results for these proteins are summarized in Table S1 ). The majority of the quantified proteins were not altered by Cd 2+ treatment, with an average ratio and mean relative standard deviation of ratios for all quantified proteins being ∼1.0 and 20%, respectively. Thus, we selected a ratio of >1.5 or <0.67 as threshold for screening the significantly changed proteins. 21, 22 Among the quantified proteins, 400 displayed significant changes upon Cd 2+ treatment, with 88 and 312 being downand upregulated, respectively (Table S2) .
Protein Pathway and Network Analysis
Proteins with significant changes in expression following Cd 2+ treatment were further subjected to bioinformatic analysis using DAVID, which unveiled the perturbation of multiple cellular KEGG pathways in GM00637 cells (Table S3 ). These included glutathione metabolism, glycolysis and gluconeogenesis, a Also shown are the list of proteins associated with each of these pathways that are quantified in the present study.
pyruvate metabolism, pentose phosphate pathway, fatty acid metabolism, and the citric acid cycle (Table S3 ). To assess the interactions among the various cellular pathways identified from the DAVID analysis, we subjected the proteins identified for each pathway to protein interaction network analysis using the STRING tool (Materials and Methods). The results from the STRING analysis for the aforementioned pathways are summarized in Table S4 . (Table 1) The ability of Cd 2+ to induce oxidative stress through the generation of ROS and reactive nitrogen species (RNS) is wellestablished and has been implicated in Cd 2+ toxicity. 2, 5 A previous study suggested that Cd 2+ could inhibit NO production in endothelial cells, 23 whereas other studies demonstrated the ability of Cd 2+ to induce NO formation in macrophages. 24, 25 The results from our quantitative proteomic analysis revealed that Cd 2+ treatment induced the upregulation of DDAH I and II (by 1.52-and 1.64-fold, respectively, Table  1 ), two enzymes that are important in NO biogenesis. 26 Western blot analysis further validated the upregulation of DDAH I in human skin (GM00637 cells) and lung (IMR-90 cells) fibroblast cells (Figure 3) . DDAH is responsible for the degradation of asymmetric dimethylarginine, an endogenous inhibitor of NO synthase. 26 The upregulation of DDAH I and II suggests that Cd 2+ treatment may result in elevated NO production in GM00637 cells. To test this, we measured the total nitrate/ nitrite concentrations using a NO colorimetric assay (Materials and Methods). Our results showed that the total nitrite/nitrate levels were significantly increased in both the lysates and the culture media of GM00637 (Figure 4 ) and IMR90 ( Figure S3 ) cells following a 12 h exposure to 3 μM Cd 2+ . Although elevated NO formation was previously observed in macrophages following Cd 2+ exposure, 24, 25 our data supported that Cd 2+ exposure also led to an increase in NO biosynthesis in human skin and lung fibroblasts. Furthermore, our results indicate that the increase in NO production following Cd 2+ exposure may involve the upregulation of DDAH I and II.
Cd 2+ Treatment Led to Overexpression of DDAH I and II and Elevated Production of NO
Antioxidant Enzymes and Glutathione Metabolism
We found that Cd 2+ exposure induced a significant upregulation of several important antioxidant enzymes including superoxide dismutase, metallothionein 1-G, glutaredoxin 1, and glutaredoxin 3, whose expression levels were elevated by 1.55-, 5.44-, 2.10-, and 1.86-fold, respectively (Table 1) . These results are in keeping with the previous findings that exposure to Cd 2+ could activate antioxidant defense systems consisting of enzymes and metabolites protecting organisms from oxidative damage. 2, 5 Our finding is also in line with results from a previous quantitative proteomic study showing that the exposure to Cd 2+ led to elevated expression of metallothionein and phytochelatins in Arabidopsis roots. 7 Apart from the upregulation of antioxidant enzymes, Cd 2+ treatment induced markedly elevated expression of proteins involved in GSH metabolism. The ability of nontoxic concentrations of Cd 2+ to induce elevated levels of GSH has been documented, where GSH is thought to bind to Cd 2+ ions and to be the major antioxidant for counteracting Cd 2+ -induced . Cd 2+ treatment led to alterations in total nitrate/nitrite concentrations in GM00637 human skin fibroblast cells. The GM00637 cells were treated with 3 μM Cd 2+ for 24 h, and total nitrate/nitrite concentrations were measured in cell lysates (A) and cell culture media (B). The data represent the mean ± standard deviation (n = 3). **, p < 0.01; ***, p < 0.001, student's t test. oxidative stress. 1, 5 In agreement with these previous findings, we observed the Cd 2+ -induced upregulation of five different isoforms of GSH S-transferases (GSTs), GST pi 1, GST mu 3, GST theta 1, GST zeta 1, and GST omega 1, by 1.55-, 2.00-, 1.78-, 1.66-, and 1.93-fold, respectively (Table 1) . GSTs play primary roles in the detoxification of various xenobiotics through GSH conjugation. 27 In addition to the GSTs, several other important proteins involved in glutathione metabolism, glutathione reductase, glutathione peroxidase, and glutathione synthase, were increased by 1.67-, 1.56-, and 1.54-fold, respectively, following Cd 2+ treatment (Table 1 ).
Cellular Energy Metabolism
Our proteomic analysis also uncovered a substantial upregulation of several pathways that are crucial in cellular energy metabolism, including glycolysis and gluconeogenesis, pyruvate metabolism, and the citric acid cycle. Glycolysis is a metabolic process converting glucose into pyruvate to produce ATP and NADH. 28 The pentose phosphate pathway is an alternative process of glycolysis, and it results in the generation of NADPH, which is employed by glutathione reductase to reduce glutathione; 29 the reduced glutathione is then used by glutathione peroxidase to detoxify lipid hydroperoxides and H 2 O 2 , thereby diminishing oxidative stress. 30 Our quantitative proteomic experiments revealed the upregulation of 17 and 7 proteins in the glycolysis and pentose phosphate pathways, respectively, in GM00637 cells following Cd 2+ exposure (Table  1) .
Pyruvate resides at an intersection of several key pathways of energy metabolism, where it is the end product of glycolysis and the starting point for gluconeogenesis. Pyruvate can be converted to acetyl-CoA for use in the citric acid cycle or serve as the starting point for cholesterol and fatty acid biosynthesis. 28, 31 Our proteomic analysis revealed that Cd 2+ exposure of human skin fibroblast cells led to altered expression of 12 proteins associated with pyruvate metabolism (Table 1 ). All of them except acetyl-CoA carboxylase 1, whose expression was reduced by ∼2-fold, were upregulated following Cd 2+ treatment. The Cd 2+ -induced decline of acetyl-CoA carboxylase may block the use of acetyl-CoA for fatty acid biosynthesis. We also Figure 5 . Biological pathways and protein interaction network analysis. Primary KEGG pathways altered upon Cd 2+ exposure were identified by bioinformatic analysis using DAVID. Proteins with >1.5-or <0.67-fold change in expression following Cd 2+ treatment were included for the analysis, and KEGG pathways with p values less than 0.05 were considered significant (Table S3) . STRING tool was used for protein interaction network analysis.
employed RT-PCR to monitor the mRNA levels of two genes encoding important enzymes associated with cholesterol biosynthesis, namely, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and farnesyl diphosphate synthase (FDPS), 32 following Cd 2+ exposure. Our results showed significant reductions in mRNA levels of HMGCR and FDPS ( Figure  S2 ), suggesting that Cd 2+ exposure may also result in diminished cholesterol biosynthesis. The citric acid cycle, a.k.a. the tricarboxylic acid cycle (TCA cycle), is utilized by aerobic organisms to produce ATP through the oxidization of acetate derived from carbohydrates, fatty acids, and proteins. 33 Here, we found that seven proteins involved in the TCA cycle were significantly elevated in response to Cd 2+ treatment. These included citrate synthase, GTP-specific succinyl-CoA synthetase subunit beta, ATP-specific succinyl-CoA synthetase subunit beta, cytosolic NADP-isocitrate dehydrogenase, isocitrate dehydrogenase [NAD] subunit beta, succinyl-CoA ligase [GDP-forming] subunit alpha, and dihydrolipoamide dehydrogenase, which were upregulated by 1.60-, 1.53-, 1.63-, 1.61-, 1.85-, 1.50-, and 1.67-fold, respectively (Table 1) . These results together indicate that Cd 2+ treatment led to diversion of acetylCoA toward the citric acid cycle, thereby meeting the cellular energy demand.
Our findings made from quantitative proteomic experiments are in line with previous studies showing that Cd 2+ exposure confers increased cellular energy metabolism. In this vein, a recent study by Faiz et al. 34 demonstrated that exposure to CdCl 2 resulted in a dose-dependent reduction of cellular levels of glucose, ATP, and acetyl-coenzyme A. A previous proteomic experiment also showed that exposure to Cd 2+ could result in elevated levels of expression of proteins involved in glycolysis and citric acid cycle in poplar leaves. 9 Likewise, the activities of enzymes in the citric acid cycle were found to be significantly increased in tomato roots upon exposure to Cd 2+ . 35 In addition, upregulation of photosynthesis-related proteins was found in Arabidopsis shoots following Cd 2+ exposure, suggesting that the accumulation of Cd 2+ in shoots elicits a greater energy demand. 8 These previous studies, together with the present investigation, support that the Cd 2+ -induced elevation in cellular energy metabolism is conserved among species.
Adherens Junction
Another interesting finding made from the DAVID bioinformatic analysis was the perturbation of the adherens junction pathway. Cd 2+ is thought to interact directly with Ecadherin and disrupt cell−cell adhesion. 4 In addition, Prozialeck et al. 36 found that Cd 2+ can deregulate cell proliferation through the disruption of the cadherin-mediated cell−cell adhesion in kidney epithelial cells. In line with these previous findings, our proteomic data revealed that the expression levels for nine proteins associated with adherens junction were significantly altered in response to Cd 2+ exposure (Table 1) .
■ CONCLUSIONS
Over the last several decades, a great deal of data have been obtained on Cd 2+ toxicology, which make it increasingly clear that the toxic effects of Cd 2+ on biological systems are diverse and elicited through a complex array of mechanisms. Along this line, Cd 2+ was found to exert a wide variety of cellular effects, including the ability to induce oxidative stress, 4 In this vein, our results revealed that Cd 2+ exposure induced significant upregulations of several important antioxidant enzymes (Table 1 ) and 11 proteins involved in glutathione metabolism. Our quantitative proteomic analysis revealed that Cd 2+ treatment also induced significant upregulations of DDAH I and DDAH II, two important enzymes involved in the regulation of NO biosynthesis (Table 1) . This was accompanied with a concomitant rise in total nitrate/nitrite levels in the cell lysates and culture media (Figure 4 and Figure  S3 ), suggesting that elevated expression of DDAH I and DDAH II contributes to increased NO formation. The latter may give rise to the activation of antioxidant defense systems. 2, 4, 5 Elevated antioxidant defense response has been welldocumented in a variety of model systems following Cd 2+ exposure. 2, 4 However, relatively little is known about other cellular pathways that may be simultaneously altered in response to Cd 2+ exposure or their contributions to overall Cd 2+ toxicity, particularly in mammalian systems. We found that many proteins involved in cellular metabolism pathways, including glycolysis, pentose phosphate pathway, and the citric acid cycle, were also significantly increased following Cd 2+ treatment ( Table 1 ). The increases in cellular metabolism pathways may help to maintain cellular redox homeostasis upon Cd 2+ exposure. For instance, the pentose phosphate pathway plays a crucial role in redox regulation via the generation of NADPH, the reductant used to maintain the reduced form of GSH. 29 Together, our systems-based approach provided integrated information about the cellular pathways altered in response to Cd 2+ exposure ( Figure 5 and Table S4 ). Our results not only recapitulated some previous findings obtained from disparate approaches of investigation with the use of various in vitro and in vivo models but also provided much more comprehensive coverage of important players (proteins) involved in each individual pathway. In addition, our results suggest that elevated expression of DDAH I and II may contribute to increased formation of NO and augmented generation of ROS following Cd 2+ exposure. Discovery of the specific biological pathways perturbed by Cd 2+ exposure in combination with the proteins involved in these pathways may ultimately lead to development of improved approaches for risk assessment, better prevention and treatment strategies for Cd 2+ exposure, and robust biomarkers for monitoring Cd 2+ exposure.
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